Abstract-The removal of Pb(I1) ions from aqueous solutions of perchlorate, nitrate, tetrafluoroborate, chloride and sulfate, pH 2, has been investigated in a cell with a reticulated vitreous carbon cathode. It is confirmed that the Pb(II) may always be removed. There are, however, marked differences in the conditions necessary and the performance attained by the system (eg, rate of removal, current efficiency), even with these nominally similar, aqueous acid media. The origin of these differences are investigated.
INTRODUCTION
There remains a high level of interest in technology for removing transition and heavy metals from etlluents, waters and process streams to levels + 1 ppm. For at least 30 years, there has been a recognition that electrolytic methods can achieve these goals. Indeed, a number of commercial systems, based on three dimensional electrodes, rotating cylinders etc., are now marketed and applied to the removal of several metal ions including Ag(I), Cu(II), Pb(II), Zn(II), Cd(II), Hg(I1) and Ni(II)[l-51.
Perusal of these reviews shows that there is also a substantial literature but most of the academic studies have emphasised the design of reactors, the performance of various electrodes and mass transport correlations; hence, typically, the experiments have used model solutions where metal deposition is always mass transport controlled. In consequence, although they are common in the real world, there is little information available about systems where chemical or electrochemical complications make the behaviour of the cell less ideal.
We have therefore become interested in investigating the influence of chemical and electrochemical complications on the performance of metal ion removal cells. In this paper, we report studies of lead recovery from a series of solutions (perchlorate, nitrate, tetrafluoroborate, chloride and sulfate) all at pH 2 and demonstrate that even in such nominally similar solutions, complications can arise.
The experiments employ a membrane cell with a reticulated vitreous carbon cathode operating in the flow-by mode. Reticulated vitreous carbon is an * This paper is dedicated to Professor Frank Goodridge on the occasion of his retirement from the University of Newcastle.
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open pore material with a honeycomb structure, composed of vitreous carbon; it is chosen as the electrode material because of its high surface area, high porosity, high isotropic electrical conductivity, rigid structure and inertness both on open circuit and over a wide potential range in many aqueous media [6] . It is also available commercially in several porosity grades from 10 to 100 pores per inch (ppi). Reticulated vitreous carbon has previously been used for electroanalytical purposes [7- 141 including the deposition of metal for preconcentration. Pletcher et al. have also characterised mass transport in the cell used here and described its application to the removal of copper (II) from a sulfate medium, pH 2. Recently, Tissot et a!.
[ 193 electrodeposited PbO, on reticulated vitreous carbon and used the electrode for the direct oxidation of CN -.
EXPERIMENTAL
The cell and flow circuit have previously been described in detail[lS, 203. The reticulated vitreous carbon cathodes (50 mm x 50 mm x 12 mm thick) were cut from blocks supplied by the Electrosynthesis Co and they fitted tightly into the centre of the catholyte channel between the membrane and the steel current collector to which contact was made with conducting carbon cement (Leit-C from Agar Aids). The Luggin capillary was a small plastic tube inserted through a 3mm hole drilled through the steel current collector; the tip of the tube was positioned z 2 mm into the reticulated vitreous carbon structure and usually the reference electrode was a Radiometer type K401 saturated calomel electrode. In experiments where chloride contamination was a concern, the reference electrode was a mercury/ mercury sulfate electrode prepared in the laboratory with saturated potassium sulfate. 
All solutions
were prepared with water from a Milli-Ro lS/Milli-Q purification system and chemicals of the highest grade available, usually Analar reagents. In all cases, solutions were 0.5 M in the appropriate sodium salt adjusted to pH 2 with the corresponding acid. Except where otherwise stated, the lead was added to the solution as the salt with the common anion.
Pb(I1) concentrations were determined by atomic absorption spectroscopy using a Perkin Elmer 2380PE model 157 spectrometer with an oxygen/ acetylene flame. Standard solutions were prepared by dilution with the appropriate electrolyte of a standard, Spectrosol 1OOOppm Pb(I1) solution.
RESULTS

Voltammetry in the reticulated vitreous carbon cell
Current, I, vs. potential, E, curves were recorded for deoxygenated, dilute solutions of Pb(I1) in each of the media, pH 2 using a 60 ppi reticulated vitreous carbon electrode. In each medium, the influence of flow rate was studied and in some cases 1Oppi and 1OOppi reticulated vitreous carbon were also used.
3.1.1 Chloride. Figure 1 reports I-E curves for a solution of 7 ppm (34pM) Pb(I1) in 0.5 M NaCl, pH 2, recorded at 1Oppi and lOOppi reticulated vitreous carbon electrodes. It can be seen that at both materials, well formed reduction waves are observed with E,,, z -0.64V. The foot of the waves are very steep, reflecting the need for a nucleation overpotential to commence the deposition of lead on the carbon surface, and the limiting current plateaux are clearly defined and strongly dependent on the solution velocity. The reverse scans (not shown) show the same limiting currents as the forward scans but there is a narrow potential range between approximately -0.60 V and -0.50 V where the cathodic current is higher on the reverse scan and, at slightly more positive potentials, there is a large, symmetrical anodic peak for the redissolution of the lead from the surface; these characteristics are typical of those for simple metal deposition and dissolution reactions on a carbon surface.
It would appear that, in the plateaux region, the current for Pb(I1) reduction is mass transfer controlled. Hence, using the simplest model for the three dimensional electrode where its whole surface is operating under mass transfer control and there is no significant depletion of the reactant through the electrode, the limiting current, I,, is given by the equation I, = -nFk,A,V.c (1) where k, (ms-i) is the mass transfer coefficient and A, (m' m-3) is the specific area of the reticulated vitreous carbon, V, the volume of the cathode, c the concentration of Pb(I1) (molm-3), F the Faraday constant and, here, n = 2. This equation was used to estimate values of k, A, at each flow velocity, v, using limiting currents determined both from I-E curves such as those shown in Fig. 1 and from experiments carried out at constant potential. The data are presented in Fig. 2 3.1.2 Nitrate. When I-E curves were recorded at the reticulated vitreous carbon electrodes for solutions of Pb(II) in 0.5 M sodium nitrate, pH 2, the results were markedly different. Figure 4 shows a typical set of curves recorded at a 6Oppi electrode for a 20ppm Pb(I1) solution. On the forward scan, the reduction wave for the reaction Pb(I1) + Pb occurs at E,,, z -0.66V.
The wave is drawn out and the limiting current plateau is only very poorly defined; there is a marked tendency for the current to continue to increase as the potential is made more negative. On the reverse scan, the limiting current plateaux appear better defined and the reduction wave is steeper. At more positive potentials a sharp Table 1 anodic stripping peak is again observed. Such responses suggest slow steps in the nucleation and/or early stages of growth of the lead metal on the carbon surface; the back scan would then reflect the curve at a surface already covered by some lead. Even on the back scan, however, the limiting currents themselves were smaller than expected for a mass transport controlled reaction by (2540%) and their variations with electrolyte velocity were less than expected. Clearly, the deposition of lead onto reticulated vitreous carbon from nitrate in these conditions is not fully mass transport controlled. Furthermore, when this or similar sets of experiments were repeated over a period of days, the curves were not completely reproducible.
On some occasions, little lead deposition was observed during a scan but usually there are variations in the shape of the wave on the forward scan and the magnitudes of the limiting currents (and their variation with electrolyte velocity) on the reverse scan. Such behaviour also suggests that it is the nucleation and early stages of growth of the lead which are not reproducible. This could result from variations in the surface of the reticulated vitreous carbon with history and pretreatment or from the formation of partially passivating layers, eg, insoluble Pb(I1) species during some of the experiment. Figure 5 reports the current as a function of time, when the potential of the reticulated vitreous carbon electrode was stepped from -0.2 V vs. see to -0.6 V (a potential within the plateau region on the reverse scans of Fig. 4 ) in a solution containing 1OOppm Pb(II) in 0.5 M NaNO, , pH 2. It can be seen that at each flow rate, the cathodic current increases with time over a period of several hundred seconds and that the steady state currents are strongly dependent on electrolyte velocity. After several hundred seconds, however, the charge passed is sufficient that the surface should be fully covered by lead metal. In this context, it should also be noted that the I-E curves discussed above involve a shorter period of lead deposition and, hence, do not reflect the steady state situation. Certainly, I-t transients where the cathodic current increases with time are usually an indication that the active surface area for metal deposition is increasing and commonly that the kinetics of nucleation and phase growth kinetics are important. When such potential step experiments are carried out in chloride media, the steady state current is reached within 10 s.
3. medium. On the forward scans, the reduction waves are poorly formed and drawn out and, although the reverse scans generally showed limiting current plateaux, the currents were not as large as expected for mass transport control and they showed only a low dependence on the electrolyte velocity. Moreover, reproducibility was again a problem. Since lead tetrafluoroborate was not available, in this medium solutions were prepared by dissolution of the metal in HBF, as well as by dissolving lead nitrate and lead chloride. This led to the interesting observation that, when the solutions were prepared from lead chloride, the shape of the curves as well as their reproducibility improved substantially. This suggests that even trace quantities of chloride could catalyse the deposition of lead, perhaps by adsorption on the reticulated vitreous carbon surface.
3.1.4 Sulfate. Figure 6 illustrates a I-E curve for a saturated solution of PbSO, in Na,SO,, pH 2. A rather drawn out wave is again observed at E,,, x -0.66 V vs. see; the plateau is poorly defined and although currents in this potential region are weakly dependent on solution velocity, they are significantly lower than expected for mass transport control.
Constant potent& electrolysis in the reticulated vitreous carbon cell
A large number of controlled potential electrolyses were carried out in the flow cell with a reticulated vitreous carbon cathode on solutions of the deoxygenated sodium salt, pH 2, containing a low initial concentration of Pb(I1). The lead concentration (by atomic absorption spectroscopy), the current and the charge passed were monitored as a function of time. The volume of solution recycled through the catholyte compartment was 3 litres for NO; and SOi-solutions and 2 litres for Cl-, ClO; and BF;. The electrolyses were conducted at potentials in the "plateaux" regions of the I-E curves described. Figure 7 shows the decay with time of the normalised lead ion concentration in solution during electrolyses carried out with cathodes fabricated from the three grades of reticulated vitreous carbon; the medium was 0.5 M NaCI, pH 2 and the lead concentration was 9-10ppm at the beginning of the electrolysis. In each case the potential was -0.9 V vs. see where the previous experiments demonstrated that the lead deposition was mass transport controlled. With each of the reticulated vitreous carbons, the Pb(I1) concentration could be reduced to below 02ppm with a good overall current efliciency, 50% with the 1Oppi electrode and 70% for both 60 and 1OOppi materials. It can be seen from Fig. 7 that the decay in concentration becomes more rapid with an increase in the ppi of the reticulated vitreous carbon. The decays also appear to be exponential with time and this could be confirmed by plotting log c,/L.~ vs. t, see the inset in Fig. 7 . In fact, the decay is linear over two decades change in Pb(I1) concentration. Modelling the system (cell + reservoir) as a simple batch process where all the electrode surface is operating under mass transfer control, the concentration should decay according to the equation
where c, and c,, are the concentrations of Pb(I1) at time t and the beginning of the electrolysis respectively and V, is the volume of the solution being electrolysed.
Hence, the slope of the log c,/c,, vs. t plots may be used to estimate further values of k, A,. The values calculated are some 20-30% higher than those determined from the 1-E curves at the same flow rates and this may well result from surface roughness created by the deposition of the lead. It can be seen that the reticulated vitreous carbon cathodes perform well in the chloride medium. The removal of Pb(II) is both rapid and efficient. Table 2 compares the normalised space velocity, s,, and the energy consumption for 90% removal of the Pb(II), Ei. Both figures of merit confirm the excellent performance of these electrodes; as expected, the 1OOppi material performs best. Figure 8 shows Pb(I1) concentration decay curves in each of the five electrolytes for electrolyses carried out with a 6Oppi cathode at potentials in the range -0.8 to -0.9 V. For perchlorate, tetrafluoroborate and nitrate media, the P\>(U) concentration drops smoothly with time to < 1 ppm although the rate of decay is not as rapid as with a chloride medium; this again implies that the lead deposition reaction from these solutions is not mass transport controlled. Particularly, the curve for nitrate medium shows a well defined initial period during which little Pb(I1) is removed and thereafter the process accelerates; this is fully consistent with the I-E and I-t responses for this solution. From sulfate solution, the removal is, however, much slower and there was no definitive evidence that the concentration of lead could be reduced to low levels. Moreover, the currents are considerably lower than in the other media and the current efficiency is always very poor. The comparison between media is made again in Table 3 . Here the rate of removal is compared using the time required for the removal of 90% of the Pb(I1) from solution; this time increases along the series Cl-< ClO; c BF; < NO; while this level could not be achieved from sulfate. The table also shows that in the media other than sulfate, the Pb(II) level could also be reduced to below < 1 ppm. In fact, the CWWI,,, are the concentrations when the electrolyses were terminated and we believe that it would be possible to bring down the Pb(II) concentration to +O.l ppm with further electrolysis. It should also be noted that in the media other than sulfate, the current efficiencies are good although, as expected, the current efficiency decreased as the Pb(II) concen- Table 4 . Cathodic and anodic charges during the deposition and dissolution of Pb(I1) on a 60 ppi electrode in 0.5 M Na,SO, pH 2. The potential was held at the value shown for r s and then scanned to positive potentials at SmVs-i. tration drops below a certain level. Electrolyses were also carried out with 10 and 1OOppi reticulated vitreous carbon and the results were similar; in all media except sulfate, the rate of electrolysis increased with the number of ppi. With sulfate solutions the extent of Pb(I1) removal was always poor.
Further experiments with sulfnte medium
In view of the poor results achieved in the sulfate solution, several further experiments were carried out. The potential of a 6Oppi reticulated vitreous carbon electrode was held for a fixed time (t = 20, 100 or 1000s) at a potential negative to that where lead deposition was expected and then the potential was scanned at SmVs-' towards positive potentials where lead dissolution was observed as an anodic stripping peak. These experiments were carried out at three temperatures.
In each experiment the cathodic charge during the potential hold. q,-, and the anodic charge under the stripping peak, qA , were measured. Table 4 reports these charges as well as the ratios, qJqc and q,--qT where qT is the theoretical charge passed assuming that the deposition of lead is mass transport controlled throughout the potential hold. This was estimated using equation (1) to calculate the change in concentration of Pb(I1) concentration during the period t = 7 and using Faraday's law to calculate the required charge.
The data show several interesting trends: (i) at low negative potentials, the cathodic charge is always low compared to q, and hence the deposition cannot be mass transport controlled; it is not until potentials where competing reactions, particularly H, evolution, become important that qc/qT approaches and then exceeds one, (ii) at low negative potentials and short deposition times, qA/qc is quite high so much of the cathodic charge is due to metal deposition, (iii) on the other hand, at low negative potentials and longer deposition times, qA/qc decreases and it appears that lead deposition is poisoned, perhaps by the formation of a poorly conducting layer of a lead salt, (iv) at the very negative potentials and particularly at elevated temperatures, however, the situation changes. Although qc/qT & 1 due to H, evolution, it is certain that deposition of lead starts to occur at a rate which is significant compared to mass transport control. This may be deduced by comparing qa and qT and, in fact, in some experiments qA > qT and this may only be explained due to an enhancement of mass transport of Pb(I1) by the evolving gas bubbles. These comments all assume that the lead on the surface of the reticulated vitreous carbon is all dissolved anodically during the slow potential sweep. This will only be the case if the deposit has a high area; thus a polished bulk lead electrode passivates rapidly with a layer of lead sulfate while, in contrast, the negative electrode of a lead acid battery fabricated from a paste will discharge very significantly). In the experiments of Table 4 , there is no certainty that all the lead dissolves anodically and then the measured values of qA would underestimate the amount of lead deposition. On the other hand, in some experiments, qR approaches the value expected for mass transport controlled deposition and, hence, very significant lead dissolution must be taking place.
Overall, there can be no doubt that at the very negative potentials, the fraction of Pb(I1) removed from solution increases markedly. This suggests that further Pb(I1) species in solution become electroreducible at these potentials although, in these rather extreme conditions. This is consistent with the smaller than expected wave in the I-E curve for sulfate solution. Alternatively, it could be proposed that some Pb(I1) is removed as Pb(OH), due to an increase in pH at the electrode surface due to H, Fig. 9 and some other data are reported in Table 5 . It can be seen that the lead is, indeed, removed from solution under these conditions. The removal of Pb(I1) was, however, slower than expected, eg, 90% depletion of the Pb(I1) is achieved in 2000-2500s (compared to 80s for a mass transport controlled reaction at 333K). Also the current during the electrolyses are high so that the current efficiency is only moderate.
DISCUSSION
It has been shown that in all five solutions at pH 2, it is possible to remove Pb(I1) from solution using the flow cell with a reticulated vitreous carbon cathode. Moreover, from a technical viewpoint, the Pb(I1) can be decreased to the level necessary for discharge of eflluent into rivers and the sea with an acceptable current and energy efficiency. On the other hand, the conditions which must be employed depend to a surprising extent on the anion present in the medium. Only with the chloride solution was the deposition of lead simply mass transport controlled.
In nitrate, perchloiate and tetrafluoroborate solutions, removal of Pb(I1) was possible but the rate of removal was always slower than predicted from models which assume mass transport control. Moreover, I-E potential curves recorded at the reticulated vitreous carbon materials were complex and there was important hysterisis between forward and back scans. Moreover, the exact form of the response varied with the history of the electrode. These observations imply that there were slow steps in the nucleation and/or early growth of the lead deposit on this carbon surface and this interpretation could be confirmed by potential step experiments. It should be noted, however, that these kinetic limitations are not general to all carbon surfaces. For example, cyclic voltammograms as well as rotating disc experiments carried out with a polished vitreous carbon disc electrode did not show the complications; in all solutions, steep reduction peaks/ waves of the height expected for mass transport control were observed on the forward sweep. Indeed, the responses had all the features characteristic of rapid nucleation and growth and a fast Pb(II)/Pb couple. Hence, the slow steps in the early stages of deposition are determined by characteristics of the reticulated vitreous carbon surface and this suggests that modification or pretreatment of the surface may accelerate deposition from these solutions. It was further noted above that the addition of chloride ion to the solutions appeared to catalyse deposition. Mostany et a/.[271 have reported a detailed study of lead deposition onto vitreous carbon from halide media and conclude that while the kinetics of growth do not change, the number of nuclei increases with halide concentration; this, of course, will change the deposit characteristics. They interpretted this conclusion in terms of halide ion adsorption on the carbon surface at potentials where the deposition of lead commences and consequent coadsorption of Pb(I1) species on the surface which are the precursors to lead nuclei. Such coabsorption of metal ions in the presence of adsorbable anions has been demonstrated at mercury surfacesC28, 291. In contrast, nitrate, perchlorate and tetrafluoroborate are all non-complexing anions and anions which are unlikely to adsorb significantly on the surface. Certainly, the addition of trace chloride ion (if it is not already present in solution) may be one approach to improving the performance of processes for the removal of Pb(I1) from such solutions.
In the sulfate solution, the problems seem to arise from different complications. It appears that not all the Pb(I1) in solutions is electroactive at potentials positive to those where H, evolution commences. Furthermore, if deposition is carried out at a potential in the plateau of the reduction wave observed in the I-E curves, the deposition starts readily but then the surface poisons; this is most likely to be due to the formation of a passivating layer. Fortunately, it is possible to achieve the required level of removal by operating at more negative potentials. It is also advantageous to carry out the electrolyses out at elevated temperatures, eg, 333 K. Although lead deposition is then accompanied by considerable H, evolution, the current efficiency remains acceptable even if lower than can be achieved with the other solutions.
A recent survey[30] of the waste stream from three lead acid battery manufacturers found that it typically had a pH in the range 1.6-2.9 and the soluble lead content was 5515ppm. Moreover, the state of the art precipitation technology using Fe(III) and NaOH was able to reduce this Pb(I1) level to below 0.2 ppm. Therefore, we believe that the electrolytic treatment using a reticulated vitreous carbon cathode could be applied directly to this waste stream and it can also decrease the Pb(I1) level at least to the same concentration, suitable for direct discharge to the sewer.
